Abstract-We develop and analyze a space time coded cooperative diversity protocol that achieves improved quality of service for mobile users in the downlink of small cells. The protocol, called cooperative frequency reuse (CFR), leverages the cellular frequency reuse concept to create space and frequency diversity among pairs of adjacent base stations. The CFR protocol, which is consistent with the half-duplex mode assumption, consists of two phases. During the first phase, each base station transmits symbols to it own user on its dedicated frequency band, while listening to the symbols intended to the users of the other base station on another frequency band. Cognitive cooperation is implemented in the second phase. Each base station transmits on the two frequency bands to the scheduled users in both base stations, by means of an appropriately chosen space time code. We construct a full rate distributed space time code, based on the Golden code, for cooperation between the two adjacent base stations. We discuss the performance of the proposed protocol in terms of bit error rate and probability of outage. Simulation results show that the proposed CFR protocol yields considerable improvement over traditional direct transmission frequency reuse strategies.
I. INTRODUCTION
Frequency reuse is fundamental to the cellular communication concept. It determines how much inter-cell interference is experienced by mobile users and establishes the system performance and capacity. Fractional frequency reuse is proposed for next generation wireless systems [1] , [2] , to improve the cellular coverage and the data rate for cell-edge users. Frequency reuse, when combined with cooperation between base stations, can improve the spectral efficiency and the quality of service of mobile users. Cooperative space diversity [3] , [4] is one such method of cooperation. It exploits spatial diversity by implementing a virtual antenna array between
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In this paper, we design a space time diversity protocol for cooperation between two adjacent base stations. The proposed protocol, called cooperative frequency reuse (CFR), leverages the frequency reuse concept of cellular systems. In contrast to the cooperative multi-cell transmission strategies available in the literature [8] - [10] , where base stations jointly process the downlink signals of the mobile users, thereby creating a multiple input multiple output broadcast channel, the CFR protocol implements cooperation through a distributed space time code. It is cognitive in the sense that the base stations use, opportunistically in time, the frequency bands of their adjacent base stations to transmit to the mobile users, hence creating cognitive diversity on the downlink of the cellular system. The protocol can be applied to cellular systems standards that use frequency reuse, such and WiMAX and LTE, in a straightforward manner. It is especially suited for mobile flexible networks [11] , where the base stations have limited or no wired backhaul communication. The proposed strategy is different from the cooperative transmit diversity in the multihop relay specification for WiMAX, the IEEE 802.16j standard [12] . In the latter, distributed space time codes are implemented across antennas of the deployed relays and the base station, in the same cell, over the same time and frequency resources. It is also different from the shared relay concept proposed in IEEE 802.16m [13] , where a relay is placed at the intersection of two or more cells, and used to decode the signals from the intersecting base stations.
The CFR protocol operates on pairs of adjacent base stations. Assuming a half-duplex mode, whereby nodes cannot transmit and receive at the same time on the same frequency band, the protocol is implemented in two phases as follows. In the first phase, each base station serves its own users in its protected band, while listening to the signal sent by the other base station on the other band. In the second phase, the base stations divide their transmit power between the two frequency bands: they use one band to serve their own user, and the other band to cooperate by relaying the signal of the other base station. The CFR protocol is based on the Golden code [14] , which is a full-rate space time block code that achieves the optimal diversity multiplexing tradeoff (DMT). The Golden code has been applied in the cooperative communication literature [15] and proved to be optimal for the single input single output amplify and forward cooperative channel. In this paper, we establish the benefits of the CFR protocol in terms of probability of outage and bit error rate improvements in the context of small cells. The CFR protocol is different from the cooperation protocols proposed in the literature [3] , [5] , [6] , [16] . Those protocols are applied for cooperation among mobile nodes on the uplink of cellular systems, and can be used for communication between terminals in adhoc networks. The novelty of the CFR protocol is mainly its applicability at the downlink of cellular systems. It combines the inherent cellular frequency reuse concept with cooperative space diversity, and implements a distributed space time code among pairs of adjacent base stations.
II. SYSTEM MODEL
We consider the downlink of a cellular network, employing frequency reuse. We assume that the base stations are arranged in a modified linear Wyner model structure [17] , where the cells assume a one dimensional, linear geometry. At any given time, one single antenna mobile terminal is served in each cell via, for instance, intra -cell TDMA. The mobile users are indexed by the same index as the base station they are located in. The number of cells in the system is denoted by K, where K goes to infinity for the Wyner model. Each served user M k is assumed to be located sufficiently on the edge of its cell B k , such that it receives signals from its own base station B k , as well as the neighboring base station B k+1 . We assume OFDM modulation, as in upcoming standards such as WiMAX and LTE. Let N be the set of OFDM bands modulated by the network. We denote by N B k the band modulated by base station B k to serve its users. By definition of frequency reuse, the bands are such that
Fractional frequency reuse, however, when implemented, allows a fraction of the band allocated to each cell, to be shared among adjacent base stations. This shared band is used to serve users that are not interference limited, and is not considered in the subsequent analysis.
To illustrate the cooperative protocol in this paper, we limit the analysis hereafter to a two cell setup. We do not account for scheduling or resource allocation among users in a given cell. We only consider global performance over each pair of OFDM bands. In the absence of cooperation, and following the frequency reuse model, the signal received by user M k served by base station B k , at the m-th OFDM symbol at the n-th subcarrier, where n ∈ N B k , is given by where s k (m, n) represents the data symbol intended for user M k from B k , and w k (m, n) represents the additive white Gaussian noise at M k . h k,k (m, n) denotes the frequency response of the channel between base station B k and M k at the subcarrier n and the OFDM symbol m. Random variables h k,k (m, n) are taken from a continuous distribution with
The channel is assumed constant over the transmission time, such that
Channel coefficients are supposed to be perfectly known at the receiver. We assume that ρ k diminishes as the distance r k between the mobile station and the base station increases, based on a given path loss model. The subcarriers n ∈ N B k used to serve M k are assumed contiguous. Each OFDM band N B k consists of N subcarriers such that if n ∈ N B k , then n + N ∈ N B k+1 . These bands are assumed sufficiently apart as to avoid the power isolation problem.
III. COOPERATIVE FREQUENCY REUSE
We propose and develop a cooperative diversity protocol to be implemented between two adjacent base stations. The protocol is called cooperative frequency reuse (CFR), as it leverages the frequency reuse cellular concept, and allows cooperation between adjacent base stations. Instead of serving the users in their respective cells independently, neighboring base stations implement a distributed space time code to jointly communicate their transmissions, and increase diversity. Figure 1 illustrates cooperation between two adjacent base stations.
The CFR protocol, implemented between adjacent base stations, B k and B k+1 , to serve their respective mobile users M k , and M k+1 , is given in Table I . The protocol preserves the half-duplex mode assumption of the nodes in the system since base stations are not allowed to transmit and receive at the same time on the same frequency band. The protocol uses a full rate space time block code such that four symbols are transmitted in four OFDM symbol times.
As illustrated in Table I , cooperative frequency reuse is done in two phases. In the first phase (OFDM symbol times m = 4k, m = 4k + 1), the two base stations send information to their respective users on their dedicated bands. They next 
use their receive radio to listen to transmissions on the adjacent band allocated for the downlink of the neighboring base station, assuming an FDD cellular system. Over the next phase (OFDM symbol times m = 4k + 2 and m = 4k + 3), the base stations transmit on both bands to serve the two mobile users scheduled in the system. The link between the base stations is assumed perfect, such that the transmitted signals from one base station are received perfectly at the adjacent base station. The distributed space time code used is based on the Golden code. The Golden code is a full rate full diversity, information lossless and DMT achieving code for two transmit and two or more receive antennas [14] . Prior to transmission, the information symbols
T , intended for users M k and M k+1 respectively, are premultiplied by a transformation operation to form the transmitted codewords X k and X k+1 . The Golden code transformation is based on the unitary matrix U, used to code the information symbols s i and t i , [14] 
where θ =
is the Golden number, andθ = 1 − θ. α = 1 + j − jθ andᾱ = 1 + j − jθ. Thus, the transmitted codewords X k (resp. X k+1 ) written in terms of information symbols s i (resp. t i ) are of the form In the second transmission phase, (m = 4k + 2 and m = 4k + 3), each base station divides its transmit power between the two bands N B k and N B k+1 . Base station B k allocates a fraction γ k of the power to transmit a signal over N B k to M k+1 , the remaining powerγ k = 1 − γ k is used to transmit to M k over N B k+1 . Similarly γ k+1 is allocated to transmit power from
The transmitted codewords X k and X k+1 are decoded at M k and M k+1 , respectively, in 4 OFDM symbols. For M k , the received signals in OFDM symbol m over subcarrier n are written in a matrix format as follows,
where y k is the vector of received signals at M k and the channel H k is given by
h i,k (n) denotes the channel between base station B i and mobile station M k . The cooperation frame length -equal to 4 OFDM symbol times, is assumed to be smaller than the channel coherence time, and thus h i,k [n] are assumed constant during the transmission time. The vector w k is the vector of noise signals at M k . The CFR protocol increases the reliability of the system through increasing the diversity by a factor of 3 over the classical frequency reuse algorithm. It is, further, a full rate algorithm, in the sense that it does not incur any loss in terms of symbols transmitted per channel use. The analysis in Section IV discusses the benefits in terms of bit error rate and probability of outage gained from using this protocol, for a frequency flat OFDM channel.
IV. PERFORMANCE ANALYSIS
We characterize the performance of the cooperative frequency reuse algorithm of Section III in terms of minimizing the bit error rate and probability of outage. We compare the cooperative algorithm performance to the baseline algorithm for direct transmission under the frequency reuse constraint. For clarity, we assume that the OFDM bands N B k and N B k+1
are frequency flat. When the transmitted symbols s k (m, n) and t k (m, n) are Gaussian distributed, we can express the ergodic capacity C d k of mobile station M k , under direct transmission, as
in bits per channel use. The scalar E s = E[|s k (m, n)| 2 ] is the transmit signal power, assumed equal to unity. N 0 is the variance of the additive white Gaussian noise.
When the CFR protocol is used, however, the ergodic capacity for mobile station M k , is expressed as,
in bits per channel use. The covariance of the transmitted codebooks X k is identity.
A. Bit Error Rate
We analyze the bit error rate (BER) of the CFR protocol, with and without channel state information at the base stations. We are interested in recovering the transmitted symbols s and t at the receivers M k and M k+1 , respectively, from the received signals y k and y k+1 . We assume that the mobile stations have perfect channel state information. To decode X k under the assumption of equally likely vector constellation points, the maximum likelihood (ML) receiver iŝ
Thus, for ML detection, the search is over all the four-tuples (s 1 , s 2 , s 3 , s 4 ) ∈ N Gold , where N Gold is the set of all possible transmitted codewords. The probability of bit error then follows from the probability of vector symbol error, according to the constellation used for symbol mapping at the base stations. For the case of no channel state information at the transmitter (CSIT), the fractional power allocations γ k and γ k+1 are evenly distributed among the two bands such that γ k = γ k+1 = 1 2 , and the gain from the CFR protocol is mainly due to the increased diversity of the system. When, however, the base stations have full channel state information, the optimization problem becomes that of finding the fractional power allocations that minimize the bit error probability at the receiver.
Problem 1: Find the optimalγ k andγ k+1 such that the sum of bit error rate probabilities P b k + P b k+1 , for M k and M k+1 , respectively, is minimized. Closed form analytical solutions to this problem are not possible to obtain at finite signal to noise ratio levels. An exhaustive search, through the ML decoder, is done to obtain the bit error rate of the CFR protocol, using the Golden code. Simulation results in Section V show the performance of the CFR protocol for various SNR levels of interest. We defer analysis of the performance of CFR when the signal to noise ratio goes to infinity to [18] .
B. Probability of Outage
We next evaluate the gain in performance of the cooperation algorithm when the probability of outage is the performance metric. The outage probability of M k at the cell edge of cell B k is given by
where R is the fixed threshold spectral efficiency of the system.
When CSI is available at the transmitter, we optimize the fractional power allocations to minimize the probability of outage. We consider statistical knowledge of the channel, to derive the optimal power allocations.
The reliability optimization problem, for two users M k and M k+1 is given by Problem 2: Find the optimalγ k ,γ k+1 such that the probability that both users are in outage P(C k < R, C k+1 < R) is minimized. In other words,
Finding the fractional power allocations that minimize the probability of outage requires finding the probability distribution of the instantaneous capacities C k and C k+1 in terms of γ k and γ k+1 .
V. DISCUSSION AND NUMERICAL RESULTS
We provide numerical results to evaluate the performance of the proposed cooperative frequency reuse algorithm in terms of achievable bit error rate and probability of outage. For our simulations, we consider a two-cell microcellular setup, where all cells have the same radius and users are uniformly distributed inside each cell, assuming one sector per cel. We adopt a pathloss model corresponding to the WiMAX COST 231 WALFISCH-IKEGAMI channel model [19] . The carrier frequency is 2 GHz, and the pathloss exponent is 3.8. The small scale fading channels are i.i.d. Gaussian distributed with unit variance.
We first evaluate the performance of the cooperative frequency reuse protocol, in terms of bit error probability. We consider channel state information at the transmitter, such that γ k and γ k+1 are chosen from (γ k , γ k+1 ) ∈ {0, 0.25, 0.5, 075, 1}. We show results for a system with and without CSI at the transmitter, assuming for the latter that γ k = γ k+1 = 1 2 . We assume that the transmitted symbols s and t are chosen from a 4-QAM, or 16-QAM constellation. Figure 2 shows the bit error rate of the CFR algorithm as a function of the signal to noise ratio. The BER rate performance of CFR is compared to that of the classical FFR direct transmission algorithm, where each base station is allowed transmission on one dedicated subchannel. For fair comparison, we apply Golden code precoding to both the CFR and the FFR transmitted signals. Figure 2 shows that the BER performance of CFR is superior to that of the FFR algorithm. Furthermore, at high SNR, the slope of the BER plot suggests a two-fold diversity gain increase over classical FFR, as predicted by the construction of the code. Optimizing over the fractional power allocations at the transmitter adds around 2 dB performance gain to the CFR protocol.
We next compare the CFR protocol to FFR in terms of achievable joint probability of outage. We fix a target spectral efficiency R = 2 bits/sec/Hz for 4-QAM signaling, and a target spectral efficiency of R = 4 bits/sec/Hz for 16-QAM. Figure 3 shows the joint probability of outage for various . Pout CFR with CSI corresponds to (γ k , γ k+1 ) ∈ {0, 0.25, 0.5, 0.75, 1}.
signal to noise ratio levels. It compares the performance of the CFR protocol with and without CSI. One can observe from Figure 3 that the probability of outage performance of the CFR protocol is superior to that of classical FFR at high SNR, as expected from the diversity gain of the CFR protocol. Optimizing for the fractional power allocations adds about a 1.5 dB performance improvement over the CFR protocol without power optimization.
VI. CONCLUSION
We presented a novel cooperation protocol called cooperative frequency reuse. The protocol is used on the downlink of cellular systems for cooperation between base stations. It leverages the frequency reuse cellular concept, and allows the base stations to opportunistically use each other's frequency bands to relay each other's information. It exploits frequency and space diversity, while keeping the half-duplex mode assumption. We discussed the benefits of the protocol in terms of bit error rate and probability of outage performance. Simulation results showed that the algorithm increases the reliability of the cellular system, without incurring additional complexity overhead, especially at high SNR. Future work includes implementing the CFR protocol for a 2-D cellular system, over frequency selective OFDM channels. It further includes analyzing the performance of the protocol by taking into account the impairements of the link between the base stations as well as by considering decreasing cell sizes.
